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mutations could be successfully pre-
dicted into allaanda/bproteins, suchpre-
diction for all b sheet proteins frequently
failed. This is demonstrated by the rede-
sign of a small 3 b stranded protein WW
domain, whose entire sequence was si-
multaneously optimized (Kraemer-Pecore
et al., 2003). The resultingmolecule folded
into a structure similar to that adopted by
the wild-type WW domain; however, the
stability of the protein was greatly com-
promised. Another full sequence redesign
of a 89-residue protein tenascin that forms
a Greek Key fold resulted in a protein that
aggregated at low concentrations and
could not be fully characterized (Dantas
et al., 2003). More recently, a mimic of
a small all b sheet protein rubredoxin was
computationally designed (Nanda et al.,
2005). The resulting protein was demon-
strated to perform the desired function:
the reversible cycling between the Fe2+
and the Fe3+ states. No high-resolution
structure, however, was reported for the
rubredoxin mimic.
Hu et al. (2008), as reported in this
issue of Structure, returned to the full
sequence redesign of an all b sheet pro-
tein tenascin with new ideas. The authors
aimed at improving the energy function for
design of b sheet proteins. Previously, the
energy function used for sequence selec-
tion was optimized on a range of a,
a/b, and bcontaining proteins. Hu
et al. (2008) trained the energy function
to correctly reproduce the preference
of the hydrophobic/hydrophilic residues
only in b sheet proteins. In addition, the
authors explored the incorporation of
a surface area-based packing score in
the energy function. Two different designs
reported in the paper satisfy the three cri-
teria of the successfully designed protein.
Both designs fold into monomeric b sheet
proteins with unique three-dimensional
structures. In addition, both proteins ex-
hibit a large increase in stability compared
to the wild-type protein (DDGH2OU of 3.6
and 6.8 kcal/mol), confirming the success
of the improved energy function. The
X-ray structure of one of the proteins was
determined, revealing a very good agree-
ment between the designed and the
actual structures.
Several previous studies suggest that,
in protein design, one should not only de-
sign the sequence optimal for the desired
conformation but should also prevent this
sequence from assuming alternative con-
formations. Our own results on design of
very specific protein-protein complexes
argue that such negative design is not al-
ways necessary (Yosef et al., 2008). In
agreement with our findings, Hu et al.
(2008) are the first to demonstrate that
an extremely stable monomeric b sheet
protein could be created without explicitly
considering negative design. Their results
suggest that more time should be spent
on improving energy functions for protein
design, and that fine-tuning of such func-
tions for a particular design problem
might be necessary.
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‘‘What God has joined, let no man put asunder,’’ or so goes one local version of the marriage vows. Unfortu-
nately, evolution doesn’t seem to play by these rules, and, in this issue of Structure, Lin et al. (2008) describe
the discovery of a cryptic FHAmodule with a remarkable ‘split’ domain architecture in Pellino-family proteins,
with some intriguing implications for understanding their role in Toll and IL-1 receptor signaling.With over 500 protein kinases identified in
the human genome, the overarching impor-
tance of phosphorylation as a functionally
significant posttranslational modification in
myriadcell signalingpathways iswell estab-
lished (Manning et al., 2002). It has also be-
comeclear thatamajor roleofphosphoryla-
tion is tosponsorproteincomplexassembly
through the activity of a growing family of
phospho-dependent interaction domains
and modules (Seet et al., 2006). This para-
digm was established more than 20 years
ago by the discovery that a domain—now
known as the SH2 domain—present in sev-
eral tyrosine kinases, functioned through an1752 Structure 16, December 10, 2008 ª2008 Elsevier Ltd All rights reserved
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PreviewsFigure 1. The FHA/SMAD Superfamily
Comparison of the domain topology and overall b sandwich structure shows how the FHA domain from Pellino 2 adds to the structural diversity of FHA/MH2
superfamily members (EmbR; 2FF4, Chk2; 1GXC, Smad2 MH2; 1KHX and Pellino 2).ability to specifically recognize and bind to
short phospho-tyrosine (pTyr) motifs pres-
ent within its interacting partners (Pawson
et al., 2001). Over the last 10 years or so, it
has become evident that Ser/Thr kinase
(STK) activity is also expressed through an
expanding cohort of protein domains and
modules that act through a pSer and/or
pThr-binding activity (Seet et al., 2006). Of
these, the FHA domain has gained particu-
larnotorietyasperhaps themost ‘‘SH2-like’’
STK signaling module, largely on the basis
of its occurrence in diverse structural and
functional contexts. As its name implies,
the Forkhead-associated (FHA) domain
was first described as a functionally ob-
scure region of homology within a subset
of Forkhead transcription factors (Hofmann
and Bucher, 1995). Subsequently, through
a combination of structural and functional
studies, it became clear that FHA domainswere endowed with a remarkable, and still
unique, specificity for pThr, and a rather
SH2-like preference for particular classes
of amino-acids at the pThr + 3 position*
within cognate epitopes (Durocher et al.,
2000). X-ray crystallographic and NMR
structures of many different FHA domains
now reside within the Protein Data Bank,
several as complexes with pThr-containing
peptides derived from known interacting
proteins or in vitro library selection ap-
proaches. Superficially, these structures all
tell a similar story, revealing a highly con-
served b sandwich fold that serves as a
scaffold for the display of highly conserved
pThr-binding residues and other specific-
*pThr + 3—residues three positions C-termi-
nal to the phospho-threonineStructure 16, December 10, 2008ity-determining positions that constitute the
FHA-binding surface (Durocher et al., 2000;
Liao et al., 1999). Nonetheless, some varia-
tions on this theme have emerged and FHA
interactions involving accessory surfaces
(Li et al., 2002; Byeon et al., 2005) and mul-
tiple threonine phosphorylations (Lee et al.,
2008) are now known.
Enter the Pellino proteins! These mole-
cules form a small family of four isoforms/
splice variants (Pellino 1, 2, 3a and 3b), all
characterized by the presence of a C-ter-
minal RING (Really Interesting New Gene)
domain and all proposed to function as E3
ligases, primarily in signaling from TLRs
and IL-1 receptors (collectively known as
TIRs) (Schauvliege et al., 2007). In this
context, Pellino proteins bind to down-
stream kinases recruited to TIRs through
adaptor proteins, and target them for
ubiquitinylation in a manner that dependsª2008 Elsevier Ltd All rights reserved 1753
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RINGs are common in E3 ligases, but
the question of how Pellino proteins spe-
cifically bind these targets has remained
unanswered. A substantial clue to this
puzzle has now been provided by an ele-
gant structural and functional study of
Pellino 2 and its interactions with IRAK1
(Interleukin-1 receptor associated ki-
nase-1), reported by Lin et al. (2008) in
this issue of Structure. They identify an
N-terminal region of Pellino 2 that is suffi-
cient for association with IRAK1 and,
more importantly, go on to show that
this association only occurs with phos-
phorylated forms of the kinase. Although
conserved within Pellino para- and ortho-
logs, the IRAK1-binding region shows no
obvious homology to other known do-
mains, and it was presumably something
of a surprise that the crystallographic
work revealed a core structure with a clas-
sical FHA domain b sandwich fold. In such
circumstances, the possibility of evolu-
tionary convergence always lurks in the
shadows. In the case of FHA domains,
this has some precedent, since the first
structures of thesemodules from the bud-
ding yeast Rad53 kinase clearly showed
that the FHA fold was not new, and had
been previously observed in a somewhat
more rococo guise in the major-homology
2 (MH2) domains of SMAD transcription
factors (Durocher et al., 2000; Liao et al.,
1999). Indeed, in spite of the lack of
homology, MH2 domains were subse-
quently shown to possess a phospho-
dependent binding activity that involved
surfaces distinct in sequence but struc-
turally similar to those seen in FHA com-
plexes (Wu et al., 2001). As implied above,
structural elaborations on the basic FHA
fold have been previously observed, and
both Rad53 and Chk2 FHA structures1754 Structure 16, December 10, 2008 ª20show short helical insertions/additions al-
beit at different points in their b sandwich
topologies. Such embellishments are
more pronounced in MH2 domains that
contain six additional helical segments.
The Pellino domain goes a step further,
and Lin et al. (2008) show that two sub-
stantial sequence inserts between b2/3
and b6/7 extend from the FHA core and
coalesce to form a subdomain or ‘‘wing’’
that sits juxtaposed with the pThr binding
surface (Figure 1). Thus, for Pellino pro-
teins, convergent evolution need not be
invoked, and the structure nicely explains
how domain recognition algorithms were
confounded by the pattern and degree
of separation of the sequence motifs
characteristic of FHA domains. From
a functional viewpoint, the role of the in-
sertion elements observed in a number
of FHA domain structures is unknown,
but, in Chk2, the additional helix may
have a role inmodulating binding specific-
ity for the pThr +3 position (Li et al., 2002).
For SMADs, the situation is somewhat
clearer and structures of trimeric MH2
complexes show how the helical inserts
form the major oligomerisation surfaces
(Wu et al., 2001). In the case of Pellino
FHA domains, the biological significance
of the ‘‘wing’’ structure remains to be dis-
covered, but the authors plausibly sug-
gest that its location and surface features
are consistent with binding to extended,
multiple phosphorylated IRAK1 motifs.
Nonetheless, it remains a distinct possibil-
ity that the phospho-sites could be struc-
turally adjacent, but distant in primary
sequence space. In addition, although the
authors show weak phospho-dependent
binding to pThr peptides derived from
the Rad53 FHA domain partner Rad9,
the sequence preference of the core
Pellino FHA domain is unknown. Indeed,08 Elsevier Ltd All rights reservedthis may prove to be difficult to define by
commonly employed library screens and
peptide arrays for theaforementioned rea-
son. Therefore, more hypothesis-driven
approaches—or a Pellino/IRAK complex
structure—may ultimately be necessary
to fully defineanddescribe this fascinating
interaction. Surely, more surprises are in
store.
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